Introduction
The fate of primary production in the Middle Atlantic Bight (MAB) has been the subject of intense debate and scientific inquiry for several decades, primarily in response to evidence that much of the spring bloom of the MAB is exported off the shelf [Walsh et al., 1981; Malone et al., 1983] . Two major experiments designed to document off-shelf transport of organic carbon showed that most primary production on the MAB shelf is Oxidized in the water column and/or shelf sediments Biscaye et al., 1988 Biscaye et al., , 1994 Falkowski et al., 1988 Falkowski et al., , 1994 Kemp, 1994; Wirick, 1994] . Since remineralization of nutrients accompanies oxidation of organic material, these results do not resolve the shelf/slope nutrient balance which actually determines whether or not continental margins are important sources of organic matter to the slope and deep sea [Mama et al., 1990; Walsh, 1991 Walsh, , 1994 . Rapid recycling could support both high rates of on-shelf productivity and respiration and high off-shelf fluxes of organic matter. In this context it is important to determine the fate of new nutrients entering the MAB.
Intermittent intrusions of nutrient-rich slope water and exchange of MAB shelf water with slope water are two of the main sources of nutrients in the MAB Walsh et al., 1987] . A third major source of new nutrients for the MAB is cold, nutrient-rich slope water that apparently origi- Carolina shelf. Here we report the distribution of water mass properties and chlorophyll in both regions and discuss the data which indicate that bottom water with characteristics of the cold pool was a site of primary production on the shelf. We also provide evidence that this water mixed with Gulf Stream water at the shelf break, transporting the chlorophyll it contained off the shelf and into slope waters.
Methods

Study Area
Observations were made at 41 stations sampled from the R/V Cape Hatteras during July 15-18, 1993 (Figure 1 ). Sea conditions were fairly calm throughout the cruise; wind speeds recorded while on station ranged from 3 to 18 knots (1.5 to 9.3 m/s), with a median value of 9 knots (4.6 m/s). All but three stations were included in one of two station grids, within which This grid was also sampled in a radiator-like pattern beginning at the northeast corner at -0800 hours on July 17 and ending in the southwest corner at 0345 on July 18. The position of the southern grid was within the zone where maximum benthic deposition off Cape Hatteras is thought to occur (L. Benninger, personal communication, 1993).
Data Collection and Processing
A Sea-Bird Electronics 9/11 conductivity-temperature-depth (CTD) system, equipped with a Sea Tech fluorometer and Sea Tech transmissometer (660-nm source), was used to measure water properties to within 3-5 m of the bottom, or to 500 m, whichever was most shallow. The raw 24-Hz CTD data from the underwater unit were averaged in the deck unit to produce a 4-Hz data file, which was processed through the Sea-Bird SeaSoft software to remove spikes and correct for the thermal mass of the conductivity cell; data were averaged into 1-dbar pressure bins, and salinity and density (o'0) were calculated for each 1-dbar bin. Salinity data from the CTD were spot-checked against water samples run on an Autosal precision salinometer; the mean difference (0.008 psu) of nine pairs was less than the standard deviation (0.012 psu), so we did not correct the CTD data for this small negative bias. Water transparency was estimated at selected stations using a 0.5-m oceanographic Secchi disk. Light transmission data from the Sea Tech transmissometer on the CTD show a strong negative correlation with the in situ fluorometer reading (i.e., Figure 5 below) and are not discussed separately.
Calibration of In Situ Fluorometer
Water samples for measurement of chlorophyll concentration in discrete samples were collected from Niskin bottles tripped at various depths and stations across the shelf and shelf break (Table 1) . Calibration stations ran along the diagonal of each grid and samples were collected from each of these stations at four or more depths (Table 1) . Dawn occurred at approximately 0500 local time and sunset occurred at approximately 2015 local time. Thus calibration stations were collected in both daylight and nightime hours (Table 1; Figure 2 ). Samples were filtered through Whatman glass microfiber filters (grade: GF/F), and chlorophyll was extracted by freezing the filter in 1 mL distilled water. After freezing, samples were diluted with 9 mL of 100% acetone and placed at 4øC in the dark for 24 hours. Chlorophyll concentration in the samples was then determined fluorometrically using a Turner Designs AU-10 fluorometer, correcting for phaeopigments [Parsons et al., 1992] . At the midshelf grid, phaeopigments were 30% (s.d. --4%, n = 20) of fluorometrically determined pigments (chlorophyll + phaeopigment), and phaeopigments averaged 42% (s.d. = 32%, n = 43) in the calibration data set overall. High values (>60% of total pigments) were only found in samples from >200 m (Table 1) . Before the cruise the AU-10 was calibrated with a dilution series of standard spinach chlorophyll (Sigma).
Chlorophyll fluorescence, derived from the 1-m binaveraged in situ fluorometer readings at the depths where samples for extracted chlorophyll were taken, was calibrated by linear regression against the chlorophyll measurements made on the AU-10 fluorometer (Figure 2 ). Chlorophyll data discussed below represent in situ fluorescence measurements con- verted to chlorophyll a concentrations using this regression. A diurnal pattern of fluorescence quenching during periods of high irradiance would lead to a clustering of our daytime data points above the regression line in Figure 2 . Diurnal changes in fluorescence yield do not appear to bias our fluorometer calibration. This is not surprising since, as described below, most of the chlorophyll in the water masses we were studying occurred as subsurface patches or layers. 
Remote
Results
Remote Sensing
The best satellite image of SST near the time of our cruise is a daytime pass on July 14, 1995 (Plate 1), which shows warm water throughout the study region. Very warm water (29 ø-31øC), presumably associated with the Gulf Stream, fills the southeastern corner of the study area and creates a sharp temperature front across the southeast corner of the shelfbreak grid (Plate 1). Lower surface temperatures (25ø-27øC) were seen in an eastward tending tongue between the two grids. Satellite-derived SST within the midshelf grid were [Boicourt, 1973] show that the coldest cold pool water (5ø-6øC in July) is located on the outer shelf and slope of the northeastern MAB. As this water is advected slowly to the south, the cold pool waters undergo general warming. In 1979 the cold pool was still clearly defined south of Hudson Canyon where temperatures on the outer shelf were between 8 ø and 10øC in July [Houghton et al., 1982] , and in 1971 and 1972 the cold pool was easily recognized on the outer shelf (depths >50 m) as far south as 36ø20N [Boicourt, 1973] [Boicourt, 1973] .
During our survey the cold pool water in the midshelf grid contained high concentrations of chlorophyll. The low estimated contribution of phaeopigments to total fluorometrically derived pigment concentration at stations in the midshelf grid (Table 1) indicates that the chlorophyll we measured was present in healthy cells. Although high concentrations of accessory pigments could cause artifacts in the determination of phaeopigment concentration [Gibbs, 1979; Trees et al., 1985] , the presence of photosynthetically competent cells was confirmed by examining plankton samples collected in the midshelf grid. Phase contrast and epifluorescence microscopy revealed abundant planktonic diatoms with intact chloroplasts in the bottom water (Leptocylindrus danicus, Corethron sp., and Skeletonema costatum ).
Since the transmissometer data cannot be used to infer irradiance levels at a given depth because the instrument measures changes in beam attenuation rather than diffuse attenuation (R. Zaneveld, Oregon State University, personal communication, 1996), it is unfortunate that we were unable to measure irradiance directly. However, we can infer that the chlorophyll-rich bottom water was within the euphotic zone from the 24-m daytime Secchi Disk reading we obtained. As is apparent from Figure 4 Disk data, chlorophyll data, and microscopic observations support our interpretation that chlorophyll in the bottom water resulted from in situ production. It also appears that the sed- Station Number   40  34  33  26  25  39  35  32  27  24  38  36  31  28  23  37  30  29 ., Figures 13b,  13c, and 13d ).
Shelf-Break Transport and Mixing
As noted above, bottom water found over the outer shelf in the northern transects of the shelf-break grid, though not quite as cold (10.5øC; compare 8øC) or fresh (33.7; compare 32.7 psu), is similar to the cold pool water in the midshelf grid (Figures 4 and 6) . The cool, relatively fresh water seen in the shelf-break grid may be contiguous with the water mass we sampled as bottom water in the midshelf grid, or it may represent fragments of that water mass. As would be expected if midshelf cold pool water were transported to the shelf break by southeastward flow, chlorophyll concentrations are relatively high in the cooler, relatively fresh water at the shelf break, compared to concentrations in other water masses found on the outer shelf and slope (Figures 7 and 9 ). Along the 25 tro isopycnal, which corresponds to the density of the midshelf cold pool, chlorophyll concentrations at the shelf-break grid also show a clear gradient from high values on the shelf in the northwest to low values over the slope in the southeast ( Figure  11 ). This is also consistent with transport of cold pool water from the midshelf regions north of Cape Hatteras to the shelf break by the prevailing southward shelf currents. We therefore interpret the cooler, less saline water in the shelf-break grid, and the chlorophyll it contains, as being of shelf origin. Figures 13b and  13f) , 37 (Figures 13c and 13g) , and 38 (Figures 13d and 13h) ). Data points enclosed in a triangle indicate water in which chlorophyll concentration was > 1 mg m -3. F is in situ fluorescence, S is salinity, and T is temperature. The degree to which continental shelf environments export organic matter to the deep sea is not necessarily a function of the proportion of total primary production that is exported. In a large ecosystem like the MAB, nutrients may be recycled many times before they are ultimately lost from the system through benthic deposition or export; the export rate may be nearly as high as is possible but still only a small fraction of total primary production. Under these conditions the significance of export flux is best estimated from the fraction of inorganic nutrients entering the shelf that ultimately leave as dissolved or particulate organic material. The cold pool of the MAB is an important reservoir for new nitrogen entering the system from the Scotian Shelf, from the Gulf of Maine, and through exchange with slope water. We have provided evidence that the ultimate fate of some of organic matter produced in the cold pool of the MAB is entrainment into the Gulf Stream at Cape Hatteras. Historical data on the position of the Gulf Stream, the regular occurrence of the cold pool in the southern MAB, and the frequent presence of cool shelf water in the Gulf Stream north of Cape Hatteras indicate this is a common phenomenon and a potentially important mechanism by which the MAB shelf influences the biogeochemistry of the open ocean.
Some
